Strange stars (SS) calculated from a realistic equation of state (EOS) are very stable, for example under fast rotation but have a soft surface, on which ripples may occur when radiation is emitted close to it. We suggest this as a natural explanation of the fluctuations observed in the intensity profile of X-ray pulsars.
Introduction
The best observational evidence for the existence of quark stars seems to be some compact objects, the X-Ray burst sources 4U 1728-34 and SAX J-1808.4-3658 ( the SAX in short). The last one, when it is on, is the most stable pulsing X-ray source known to man as of now. This stability could be explained as natural since the star is claimed to have a mass (Li 1999a) M * = 1.437 M ⊙ (1) and this is the topmost stable point
of the mass-radius left hand (M-R) curve 1) and thus it could be still gaining mass and is not expected to be as stable as the SAX. Thus in our model there is a clear answer to the question posed by Franco (2000) : why are the pulsations of SAX not attenuated, as they are in 4U 1728-34 ? We note that for neutron stars, exemplified by the EOS BBB 1 right curve in Fig.(1) , a smaller mass would imply a larger radius for the star.
There are many stars which emit X-ray pulses in a highly regular manner, generated presumably due to accretion from their binary partner, as described for example in Shapiro and Teukolsky (1983, ST83 in short) and Davidson and Ostriker (1972, DO72 in short) . The pulse shapes of 14 X-ray pulsars are displayed in ST83 and they report that to date no theoretical calculations can reproduce the observed pulse shapes. There are models where pulses result, in a general way, from the misalignment of the X-ray beam pattern with the rotation axis of an accreting, magnetized neutron star. This beam, collimated along, for example, the axis of the star's dipole magnetic moment field, is then viewed in different directions as the star rotates. As clearly stated by DO72 the model does not describe the pulse shape in detail.
The accretion model is sufficiently 'general' to apply to SS which can also have magnetic fields just like neutron stars. In addition we claim that the ripples on the soft surface of RSS that we will describe in more detail later in this letter, are a physically appealing and natural explanation of the fluctuations seen on the X-ray intensity profiles of pulsars. Figure 1: The figure shows the mass and radius of stable stars with the strange star EOS (left curve) and neutron star EOS (right curve), which are solutions of the TOV equations of general relativity. Note that while the self sustained strange star systems can have small masses and radii, the neutron stars have large radii for small mass since they are bound by gravitation.
Coupled to our claim are the various other evidences for existence of RSS, such as explaining the compact M − R relations of many candidates (D98) and also the possible explanation of two kHz quasi-periodic oscillations in 4U 1728 -34 (Li 1999b ).
2 Stability when stars rotate very fast.
RSS have the possibility of very high rotations, supporting rotations which the neutron stars or even bag SS cannot sustain. The maximum frequencies for the two EOS of D98 are 2.6 and 2.8 kHz respectively when they are on the mass shed limit (supramassive model) and 1.8 kHz and 2 kHz when they are in the normal evolutionary sequence as shown in Gondek-Rosińska et al. (2000) . For further details we refer the interested reader to this paper.
Properties at finite T.
Fluctuations for accretion models are restricted to the star surface. A not totally unrelated question is one where the star itself is hot all over so that there are thermal fluctuation energy at the surface as well as the interior. This latter case has already been studied (Ray et al., 2000c) .
Unlike the bag SS which is not self-sustaining and contract as the universe cools, the RSS expand like the Universe itself with cooling (Ray et al., 2000c). 4 Other evidence for existence of strange stars.
We note that in a series of early papers van Paradijs (1978 van Paradijs ( , 1979 had noted that (i) the X-rays for bursters originate from stars with radii around 7 km assuming a canonical mass of 1.4 M ⊙ for them, (ii)if one assumes a mass which is lower the estimated radii also becomes lower, which fits the M-R relation for the RSS (Fig. 1) . In the first paper he looked at 10 sources and except for large but very uncertain result on MXB1743-28 he suggested that the radius of the radiating surface may be identified with the radius of a 7 km star. In the second paper he showed that general relativistic redshift is small and that in principle it allows one to set an upper limit to the mass and to constrain the M-R relation of the X-ray burst sources. He also commented on the possibility that only a fraction of the star surface participates in the emission but then the uniformity of the apparent blackbody radii suggests that in each burster a fixed fraction of the surface area is involved. In a third paper (van Paradijs 1981) he discussed seven sources where the maximum luminosity exceeds the Eddington limit, which is allowed for strange stars (Alcock 1991) but not for neutron stars.
We also recall that it was argued that the quark star surface is a very poor radiator at γ ray energies ǫ γ < 20 MeV (Alcock 1991) but subsequently Usov (1997) showed that a little amount of atmospheric mass, ∆M ∼ 10 −19 to 10 −20 M ⊙ amply enables the SS surface to radiate softer photons like keV X-rays with a luminosity as high as the Eddington limit. It is these atmospheric particles that emit the X-rays.
In a very interesting letter suggested that at finite surface temperature (5 × 10 8 o K) of an SS one can have e + e − pair creation for a duration of ∼ 10 sec. Such an effect could be an additional observational signature of SS with nearly bare quark surfaces. Mitra (1999) published a comment on this letter suggesting that the pair production would be quickly quenched. Usov (1999) pointed out in a rejoinder that the strange quark equilibrium will not allow a quenching and that the chemical potential of the electrons outside quark matter is large compared to its mass being around 20 MeV so that e + e − emission cannot be supported for a long time. In our calculation we specifically find this to be ∼ 29 MeV, thus strongly supporting the conclusions of Usov.
Radio pulsars.
We must also add that radio-pulsars may be SS as was suggested recently by Xu et al (1999) for PSR 0943+10 and all other drifting pulsars.
Further, Kapoor and Shukre (2000) used a remarkably precise observational relation for pulsar core component widths of radio-pulsars, to get stringent limits on pulsar radii, strongly indicating that pulsars are strange stars rather than neutron stars. This is achieved by inclusion of general relativistic effects due to the pulsar mass on the size of the emission region needed to explain the observed pulse widths. 6 The realistic strange star model. ). The empirical MR relations were derived from astrophysical observations like luminosity variation and some properties of quasi-periodic oscillations from compact stars. The density dependence of the strong coupling constant can be deduced from the CSR described above (Ray et al. 2000b) .
Recently Glendenning (Glendenning 2000) has argued that the SAX could be explained as a neutron star rather than bare SS, not with any of the existing known EOS, but with a hypothetical one, satisfying however the well-accepted restrictions based on general physical principles and having a core density about 26 ρ 0 . Of course, such high density cores imply hybrid strange stars, subject to Glendenning's assumption that such stars can exist with matching EOS for two phases. There is the further constraint that if the most compact hybrid star has a given mass, all lighter stars must be larger. It was found in Li et al. (1999b) that the star 4U 1728−34 may have a mass less than that of SAX and yet have a radius less than R SAX . Another serious difference is that in our model the strange quark matter EOS derived, using the formalism of large N c approximation, indeed shows a bound state in the sense of having minimum at about 4.8 ρ 0 whereas in Glendenning (2000) one of the assumptions is that strange matter has no bound state.
The realistic EOS
The large N c (colour) approximation of 't Hooft (1974) for QCD, was used for deriving the realistic EOS, where quark loops are suppressed by 1/N c and the calculation can be performed at the tree level with a mean field derived from ainteraction (Witten 1979 ). This was done for baryons (Dey et al. 1986 ; Dey et al. 1991; Ray et al. 2000a ) and extended to dense systems like stars (D98). Following is the Hamiltonian, with a two-body potential V ij :
The vector potential in Eq. 3 between quarks originate from gluon exchanges, and the λ-s are the color SU(3) matrices for the two interacting quarks. In the absence of an accurate evaluation of the potential (e.g. from large N c planar diagrams) we borrow it from meson phenomenology, namely the Richardson potential (Richardson 1979) . The potential reproduces heavy as well as light meson spectra (Crater et al. 1984) . It has been well tested for baryons in Fock calculations (Dey et al. 1986; Dey et al. 1991 ).
EOS of RSS and the generic bag EOS.
The condition of the EOS is that for ud-matter one should not get the binding energy per baryon, BE/A less than that of F e 56 because this energy should be less only when strange quarks are added on. This ensures then that the EOS is not in competition with the ordinary matter which is non-strange. We call this condition the plausibility condition.
In Fig.(2) we have shown that the energy per baryon for our equation of state (eos1 of D98, SS1 of Li 1999a) has a minimum at BE/A = 888. Figure 2: One of the two EOS employed by D98 shows that there is a stable point in the strange matter which has binding energy per baryon less than that of F e 56 by more than 40 MeV . The dashed curve shows a bag model EOS which is discussed in detail in the text.
F e
56 . The pressure at this point is zero and this marks the surface of the star as can be seen from the well known TOV equation. The curve clearly shows that the system can fluctuate about this minimum -so that the zero pressure point can vary.
The bag model EOS, which satisfies the plausibility condition defined above, must have a bag constant which cannot be higher than 75 MeV /f m 3 when the strange quark mass is taken to be 150 MeV . We have plotted this EOS as a dashed curve in Fig.(2) . The minimum in BE/A is seen to occur at a low density, about ∼ 2 ρ 0 where ρ 0 is the normal nuclear matter density of 0.17/f m 3 . This kind of density may have been already reached in present day heavy ion collisions and yet no clear signature of stable strange matter has been observed. This problem does not occur with RSS where the surface density is about ∼ 5 ρ 0 . Of course in addition to this the bag does not fit the M-R data for the strange star candidates as has been repeatedly stated before (D98, Li 1999a, Li199b). The minimum of energy of the bag model (dashed curve) is 918 MeV . The gain in energy in the strange matter, using the bag model, is only a few MeV over F e 56 , of the order of thermonuclear energy release. For the realistic EOS it is much larger ∼ 40 MeV . With the bag model it is difficult to explain the unusually hard X-ray burster GRO J1744−28 or the soft γ repeaters . In both the papers, the authors have invoked the strange star models for these kinds of stars, since these stars require energy release which is large compared to thermonuclear energies.
Discussions and summary
The RSS is a very peculiar system. On the one hand it is very stable, being bound by strong interaction. On the other hand it is not as deadly stable as the bag model. Increasing the temperature, for example, keeps on changing the minimum found in Fig.  (2) , till at T = 70 MeV, the minimum vanishes. Other variations are also possible like fluctuations due to accretion.
In summary, evidence for the existence of strange stars have been accumulating. In the present paper we review the evidences and suggest that the fluctuations seen on the intensity profiles of X-ray pulsars can be explained if these are strange stars based on a realistic equation of state.
